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ABSTRACT 
Two major causes of energy yield reduction in PV systems are partial shading and high 
operating temperatures. Both issues are particularly critical for BIPV systems. The correct 
assessment of the BIPV contribution to the built environment depends, therefore, on the 
accurate prediction of PV temperature and on the possibility of simulating shading effects. 
This paper describes the development of a multi-physics model for a naturally ventilated 
façade BIPV system within the openIDEAS environment for building and district energy 
simulations. The PV electrical model used here follows a physics-based approach that takes 
into account solar intensity and temperature spatial variations within the PV module, enabling 
the simulation of shading effects both at cell and module level. A detailed thermal model has 
been developed and coupled to the electrical model to estimate the PV temperature. Four case 
studies illustrate the importance of temperature and shading effects on the PV power output. 
The model has been validated using data from an experimental BIPV setup deployed in 
Belgium. The results indicate that the model is able to predict both the PV surface temperature 
and the power production, given the correct boundary conditions are applied. 
KEYWORDS  
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INTRODUCTION 
The effort to mitigate climate change is driving a revolutionary transformation in the energy 
system. Worldwide, nations have established strategic plans aiming at the reduction of 
greenhouse gas emissions. Responsible for a large percent of energy consumption and CO2 
emissions, the building sector is key to comply with such challenging guidelines. In view of 
the potential to increase the share of renewable energy in the built environment and reduce the 
related CO2 emissions, building integrated photovoltaics (BIPV) systems have currently been 
considered the backbone of the 2020 zero energy buildings target in the European Union. 
Building energy simulation (BES) tools can be used to assess the BIPV performance at 
building level. This paper addresses three main aspects regarding BIPV modelling in BES 
programs. TRNSYS, EnergyPlus and ESPr are considered here. The first aspect concerns the 
limited range of BIPV applications currently available in these programs. TRNSYS only 
offers a mechanically ventilated BIPV component (TRNSYS, 2018), while in EnergyPlus 
only a naturally ventilated variant is available (EnergyPlus Documentation, 2017). The 
development and validation of a mechanically ventilated façade BIPV model in ESPr has been 
reported by Clarke et al. (1997). 
Secondly, the traditional BES tools, including the three considered here, are typically based 
on imperative language, which makes the code hard to maintain and restricts the inclusion of 
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new models (Wetter et al., 2016). Integrating new models in these tools requires not only a 
great effort from the user but also a high level of specific knowledge that may not be equally 
shared by all BIPV stakeholders. The ability of such tools to follow the development of new 
technologies and support the implementation of new systems is consequently limited, which is 
a major drawback for building and district energy simulation programs. 
Finally, the third aspect focuses on the PV electrical model. All three tools considered here 
assume that (1) the performance of an array of identical modules is linear with the number of 
modules in series and parallel, and (2) all modules within the array operate always at 
maximum power point (MPP). This means that module and cell mismatch losses are not taken 
into account. While the assumption that all PV modules operate at the same conditions might 
be representative for roof installations, where partial shading effects are less important, this is 
not the case for façade BIPV applications. To allow the simulation of shading events, this 
work follows a physics-based approach that takes into account solar intensity and temperature 
spatial variations within the PV module. Although this approach has been extensively 
validated for different PV module topologies and varying weather conditions (Goverde et al., 
2017; Goverde, 2016), to the best of the authors’ knowledge, it has not been applied to BIPV 
systems, nor implemented in BES tools. 
The following section introduces the methodology. First, the modelling approach is described. 
Next, four case studies are defined to illustrate the impact of the PV temperature and shading 
effects on the PV power output. An overview of the experimental BIPV setup used for the 
models validation is then presented. The third section brings the results. Finally, the last two 
sections discuss and elaborate on the results, and indicate the direction of future work. 
METHODOLOGY 
Modelling approach 
The BIPV model was developed within the IDEAS environment, an open-source framework 
for building and district energy simulations based on Modelica language (Jorissen et al., 
2018). Modelica is a general-purpose language for modelling complex and multi-domain 
systems. In particular, its equation-based object-oriented nature brings on the flexibility 
required to cover the wide range of BIPV applications and provides autonomy to the user to 
include new models or modify existing ones. 
Figure 1 (left) illustrates the object-oriented approach: the PV elements represent the electrical 
model while the BIPV elements represent the thermal model. Each PV element corresponds to 
one PV cell, and has a different temperature and solar irradiation intensity as input, allowing 
for temperature and shading spatial variations. The temperature-dependent one-diode model 
based on Goverde (2016) represents the PV electrical behaviour at cell level. Each PV 
element is combined to one thermal element (explained below). The airflow circulating inside 
the BIPV element interconnects the thermal elements. The electric-thermal coupling between 
PV and thermal elements is achieved by using the PV temperature obtained from the thermal 
model to calculate the power output in the electrical model, which is in turn imposed as a heat 
sink to the PV thermal layer. A multi-step solver with a tolerance of 0.0001 resolves the 
equations iteratively. The PV controller limits the maximum time step to 10 s. 
The thermal model is detailed in Figure 1 (right). The airflow rate results from the balance 
between the local and friction losses (calculated as in Langmans et al., 2015) and the driving 
pressure (wind and buoyancy). Buoyancy-driven pressure depends on the density difference 
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between the air inside the cavity and the ambient air. The wind-driven pressure is calculated 
according to Saelens and Hens (2011). Correlations available in the literature are used to 
model the convective heat transfer inside the cavity and at the exterior BIPV surface 
(Churchill and Chu, 1975; Montazeri and Blocken, 2017). Radiative heat transfer follows the 
Stefan Boltzmann’s law. Long-wave losses to the ground and the sky are modelled separately. 
Figure 1. Schematics of (left) electric-thermal couplings, and (right) thermal model. 
PV electrical model: case studies 
To demonstrate the effect of temperature and shading on the PV power production, four cases 
were simulated. In Case 1, the temperature of all PV cells within the module was taken equal 
to 25 °C, which represent the standard test conditions (STC) for PV systems. Case 2 uses the 
surface temperature measured at cell level as an input to the model. Cases 1 and 2 are 
compared to the measured PV power output. In Case 3, shading is simulated at cell level, with 
3 out of 9 cells within the PV module receiving 50% less irradiation. Case 4 represents the 
shading at module level, where all 9 cells receive the same amount of equivalent solar 
irradiation (83.3%). Case 3 characterizes the spatial approach used in this work while Case 4 
represents the approach available in TRNSYS and EnergyPlus (spatial variations within the 
PV module are not included). Cases 3 and 4 are compared to non-shading conditions. 
Experimental setup: overview 
A schematic representation of the BIPV experimental setup used in this work is presented in 
Figure 1 (left). Lehmann et al. (2017) and Goverde et al. (2017) provide detailed information 
and experimental results for this setup. The BIPV element (1.3 x 0.6 x 0.14 m) is composed of 
two PV modules connected to a naturally ventilated cavity (width: 0.14 m; openings: 0.05 x 
0.6 m). Each module consists of nine monocrystalline silicon PV cells connected in series and 
assembled in a glass-glass panel. The setup was integrated into the south-west façade of the 
Vliet test building in Leuven, Belgium. The instrumentation provides the BIPV surface and 
air temperature at relevant locations, PV power generation, and weather conditions, including 
the solar irradiation on the façade. 
RESULTS 
PV electrical model: case studies 
The results presented here focus on two consecutive sunny days in May 2017. Weather 
conditions recorded on-site and measured PV surface temperatures are inputs to the 
simulations. On the left side of Figure 2, the comparison of Cases 1 and 2 against the 
measured values demonstrates the effect of the PV temperature on the power output. 
Assuming that the PV cells are at 25 °C overestimates the PV output by 14% at peak solar 
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irradiation. Provide the temperature of each PV cell is correct (Case 2), the results also 
indicate that the one-diode electrical model is able to predict the PV power output. Slightly 
larger deviations are observed in the beginning of the day. The right side of Figure 2 focuses 
on shading events. Case 3 shows that considering solar intensity variation at cell level leads to 
power reduction of more than 40% at peak solar irradiation compared to non-shading 
situations. The difference of 32% at peak solar conditions between cases 3 and 4 corresponds 
to the impact of the PV electrical modelling approach used in this work compared to the 
existing implementation in BES tools. 
Figure 2. Results for two sunny days in May 2017: (left) Cases 1 and 2 are compared to 
measured power production, (right) Cases 2 and 3 compared to no shading conditions. 
Experimental validation: multi-physics BIPV model 
Simulations were performed for the fully coupled multi-physics model using weather data 
measured on-site from June to August 2017. Saelens et al. (2004) demonstrate that the 
assumption of an inlet air temperature equal to the exterior temperature may not be valid for 
ventilated façades. Thus, the air temperature measured at the cavity bottom is used as inlet 
temperature in the model. The heat flux through the building wall was measured at the middle 
of the wall and imposed to all thermal elements in the model as a boundary condition. Now, 
the coupled model predicts the PV temperature, instead of using measured PV temperatures as 
input to the model, as done previously for the case studies. 
In Figure 3, on the left side, the results are presented for the same two days in May 2017. It 
has been demonstrated previously (Cases 1 and 2) that the PV electrical behavior is highly 
dependent on the PV temperature. Figure 3 (left) shows that the coupled model is capable of 
well predicting the average PV temperature and, therefore, is equally able to estimate the 
power output accurately. The absolute monthly energy yield error shown in Figure 3 (right) 
varies from less than 2.5% in June to 4% in July. The error has been calculated for power 
output above 2 W, which corresponds approximately to the period between 7h30-20h. 
DISCUSSION 
This paper has demonstrated the importance of considering temperature and shading effects to 
model BIPV systems. For the monocrystalline silicon cells used in this work, the power 
temperature coefficient is about -0.5%/K (Goverde, 2016), which leads to a power reduction 
of 15% for a temperature 30K above STC. Such temperature conditions are observed in 
Figure 3 (left). Note that the BIPV configuration investigated in this paper corresponds to a 
fairly well ventilated system. The temperature influence is expected to be more important for 
BIPV concepts with limited heat dissipation. These results indicate that assessing BIPV 
systems based on the temperature at STC may not be a suitable approximation, which 
corroborates the need for more detailed BIPV thermal models. 
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Figure 3. Left: results for two sunny days in May 2017. Right: monthly energy yield error. 
As for shading effects, the results show that including solar intensity spatial variation at cell 
level within the PV module leads to a significant power reduction. This occurs because the PV 
module performance is bounded to the worst performing cell, a consequence of current 
mismatch between cells connected in series. The same applies to an array of PV modules in 
series, in which the worst performing module will dictate the array overall performance. 
Although a constant shading profile (throughout the day) might not represent real conditions, 
the results presented here are also quantitatively valid if shading occurs during peak solar 
irradiation, since larger differences in power production occur at high irradiation conditions. 
The fully coupled BIPV model described in this paper is able to predict the BIPV temperature 
and, therefore, its power production. Possible causes for the power deviations in the beginning 
of the day are the following: 1) different pyranometer and PV response to the solar irradiation; 
2) use of parameters not optimized for low irradiation conditions (Goverde, 2016); 3) use of 
one-diode model at low irradiation conditions (Chin et al., 2015). These aspects will be 
investigated in the future. Finally, the error difference from one month to the other indicates 
that the model is sensitive to weather conditions, in agreement with Goverde (2016).
Although this paper focused on naturally ventilated BIPV systems, which is more challenging 
from the modelling point-of-view, the flexibility of object-oriented models allows for easily 
adapting the model to a mechanically ventilated or unventilated variant. Validating the model 
for different BIPV concepts, including unventilated and real-size setups, is part of ongoing 
effort. Modelling the airflow behind the PV modules has also proven to be a challenging task. 
Future work will focus on computational flow dynamic methods and experimental techniques 
to better understand the airflow inside the cavity and improve the model accordingly. 
CONCLUSIONS 
This paper focused on the experimental validation of a naturally ventilated façade BIPV 
model. The modelling approach proposed here comprehends (1) a detailed multi-physics 
BIPV model; (2) the use of the equation-based object-oriented Modelica language; (3) the use 
of hydraulic network to model the airflow; (4) the individual modelling of wind and buoyancy 
effects; (4) a physics-based model to represent the PV electrical behaviour under non-uniform 
spatial conditions (temperature and solar irradiation). Thereby, mismatch losses between cells 
and modules are taken into account, and both shading and temperature effects can be 
simulated. This approach further provides detailed BIPV and building models within the same 
simulation environment. 
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This paper has demonstrated that, for a BIPV system, temperature effects may reduce the PV 
power output by 15% at peak solar irradiation compared to STC. Shading effects may be even 
more important with power reduction up to 40%. Although the air temperature measured at 
the bottom of the cavity was taken as the air inlet temperature for validation purposes, the 
authors recognize the importance of accurately modelling the inlet conditions. Nevertheless, 
provide that correct cavity flow characteristics and boundary conditions are used, the model 
presented in this paper is able to predict the performance of naturally ventilated BIPV systems 
with monthly energy yield error inferior to 4%. 
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